Questions: How do the traits of pastoral species respond to growth in mixture, nitrogen addition and season? What are the impacts of trait plasticity on community aggregate trait values?
Introduction Documentation of intraspecific trait variation (ITV) is increasingly recognised as crucial for
understanding species and community level responses to temporal and spatial environmental variability (Albert et al. 2010; Siefert et al. 2015; Fajardo & Siefert 2016 ) and mechanisms of co-existence in plant communities (Bennett et al. 2016; Mitchell & Bakker 2016) . However, there is a lack of studies experimentally controlling both species composition and abiotic factors in studying the effects of trait plasticity on ITV and its community-level consequences. Further, no studies have examined plasticity-driven ITV responses to co-occurring species and abiotic factors in different seasons. This study documents ITV caused by plastic responses to growth in mixture at multiple levels of nitrogen addition to explore how evidence for facilitation and trait-based coexistence revealed by ITV varies across seasons.
Within-species trait responses to resource availability, interspecific interactions and season
Numerous studies have explored ITV responses to natural gradients, but such studies are difficult to compare due to lack of consensus on how environmental gradients should be measured and are almost impossible to repeat due to difficulty in finding gradients that are not confounded by other factors, particularly disturbance (Shipley et al. 2016) . By contrast, experimental manipulation of the abiotic environment has the advantage of being explicitly defined and easily repeated across multiple systems (Craven et al. 2016) . Some ecological studies have examined trait responses to experimentally manipulated resource availability (e.g. Knops & Reinhart 2000) or experimentally manipulated species composition (e.g. Mitchell & Bakker 2016; Bennett et al. 2016 ). We are not aware of any ITV studies that have simultaneously manipulated both species composition and abiotic factors for communities with more than two species, although one study has applied incomplete manipulation of species composition (seed addition to existing communities) with nutrient addition (Siefert & Ritchie 2016) . This means we still have a poor understanding of how plastic responses to co-occurring species and abiotic conditions influence species traits (either independently of each other or interactively) in multi-species communities. Further, since no studies have examined ITV responses to resource availability or species interactions in different seasons, we have no idea whether or not they are consistent at different times of year. This is surprising, given that species are well known to differ in the degree of seasonal trait variability (Fajardo & Siefert 2016 ).
Intensively managed pastures as model study systems Agricultural systems provide convenient models for addressing basic ecological questions since: their high productivity provides multiple measurements of species biomass within a single year (Mason et al. 2017) ; they are composed of a relatively small number of species (making detailed trait measurements and fully factorial experimental design possible) (Martin & Isaac 2015) ; and they have well-known management practices that reduce the chances of failure in experimental communities (e.g. Lee et al. 2009; Teixeira et al. 2007) . In this study we exploit these advantages to obtain data for species traits in monocultures for 5 pasture species (one grass, two forbs, and two N 2 -fixing legumes) and in five-species mixtures (containing all the species grown in monoculture) across multiple levels of nitrogen addition in four seasons -winter, spring, summer, and autumn. These data allow us to test how growth in mixture (vs, monoculture) and variation in resource availability influence species traits and the functional structure of communities. Specifically, we use these data to address the following questions: 
Methods

Study site
The experiment was located on DairyNZ's Scott Farm, near Hamilton in the North Island, New Zealand (37⁰ 46′ 16″ S, 175⁰ 21′ 39″ E). The mean annual temperature is 13.6⁰C with a mean annual rainfall of 1224 mm. Winters are relatively mild (mean temperature in the coldest month is 4.2⁰C), and water deficit in summer and autumn is moderate to high (in a recent study mean deficit -estimated using the Penman-Monteith equation for potential evapotranspiration -during summer and autumn was 71 ± 21 mm; Mason et al. 2016 ).
Typical annual dry matter production for pastures at Scott Farm is 15-22 t ha -1 year -1 with an average of 19 t ha -1 year -1 (Glassey et al. 2013 ).
Experimental design
In Spring 2014, experimental plots were established in a split plot factorial design with seven forage types x six nitrogen (N) application levels (0, 50, 100, 200, 350 , and 500 kg ha -1 year -1 ), on Horotiu silt loam soil. Three replicates of each forage treatment (main plot) were sown in 6-m wide strips with N treatments randomly applied to 6 x 9 m plots within these strips (see map of experimental design, Fig. S1 ). There was a 2-m buffer between plots within strips. The forage treatments were monocultures of five species (chicory, Cichorium intybus; white clover, Trifolium repens; lucerne, Medicago sativa; narrow-leaved plantain, Plantago lanceolata; and perennial ryegrass, Lolium perenne); and a mixture including all species.
Before sowing, paddocks were double sprayed (glyphosate plus surfactant) to kill existing vegetation, ploughed to 15 cm depth, harrowed and rolled in preparation for seed sowing.
Seed for each forage treatment was then roller drilled at sowing rates based on established pastoral practice (Table S1 ). Another herbicide application (glyphosate plus surfactant) was done post-sowing and pre-emergence to eradicate emerged weed seedlings.
Nitrogen was applied to plots by hand following herbage harvests. Rates at each application were determined by estimating the number of harvests likely for each forage treatment per year, and dividing the annual application rate evenly between harvests. N applied was SustaiN (Ballance Agrinutrients Ltd., Mt Maunganui, New Zealand) at relevant N treatment rate, along with Muriate of potash, based on an annual rate of 200 kg K ha -1 year -1 to account for K removed in herbage at each cut. A spring maintenance application of potash was also done following soil testing in September.
Where necessary, graminoid weeds were controlled using Sequence (a.i. 240g/L of clethodim) or Gallant Ultra and dicotyledonous weeds with Headstart (50g/L of flumetsulam in an oil dispersion), Dynamo, MCPB, Pasture Kleen Xtra or Victory Gold, depending on the crop and weeds being controlled.
Botanical composition measurements
The 200 kg N ha -1 year -1 plots of each forage treatment were used to determine harvest timing of each forage type based on the "best practice" criteria for main species (Table S2) .
Herbage samples for botanical composition were harvested from a 5 m x 1.5 m strip using a Haldrup™ grass harvester. Herbage was cut to a residual height of 5 cm. Three subsamples (of ~150g) of herbage were selected for sampling species composition. Samples were dried for a minimum of 48 hours at 95 o C to obtain dry weight values for each species. Remaining herbage was cut and carried after every harvest using a tractor-mounted mower and pickup wagon, followed by a ride-on lawnmower and hand raking any herbage unable to be picked up with this equipment.
Species trait measurements
We collected plant material for trait measurements from five regularly spaced (1 m apart) 20 x 20 cm quadrats within each plot. For each species in each quadrat, a fully expanded leaf was selected for specific leaf area measurements, a single individual leaf was selected for destructive harvest to obtain leaf area ratio estimates and material for leaf nitrogen content analyses was collected. Leaf dry weights for specific leaf area estimation were recorded after drying for 48 hours at 60°C. Leaves were scanned using an Epson Expression 10000 XL Scanner (16 bit greyscale, 300dpi) and area was determined using the image analysis software package WinFolia Pro 2012a, Regent Instruments Canada Inc. Leaf area ratio (LAR) was calculated as the ratio of estimated leaf area (the product of specific leaf area and leaf dry weight of destructively harvested individuals) to total above-ground dry weight (leaves and all other organs). Leaf nitrogen content was measured following LECO (2003) and expressed as a percentage of leaf dry weight. We chose to measure leaf nitrogen and SLA since both are linked to the global leaf economics spectrum (LES), but may respond differently to factors such as nutrients (Bellingham et al. 2001 ) and light (Evans & Poorter 2001) availability. We chose LAR to capture variation in allocation of aboveground biomass to leaf area.
Material for trait measurements was collected directly before harvest. For each forage treatment, material was collected across three nitrogen levels (0, 200 and 500 kg N ha -1 year -1 ) in each replicate block on the same day and collections for different forage treatments in the same season were made within 2 weeks of each other. To understand the relative importance of biotic and abiotic factors on ITV and provide guidance on how best to design trait sampling schemes, we also quantified the mean (across species) variation due to season, mixture and N addition for each trait. We did this in two ways. First, we calculated the coefficient of variation between levels of each factor (i.e. mean across factor levels divided by the standard deviation between factor levels). Second, we calculated the ratio of variance between and within factor levels. In all instances, variance between levels of the target factor was calculated within levels of the other two factors. For example, trait values from mixture and monocultures were only compared within the same season and N addition rate. This provides us with an estimate of the independent trait variation attributable to each factor.
Species trait shifts
Community-level effects of species trait shifts in mixture
We calculated community-weighted mean (CWM) values for each harvest in each of the complex mixture plots using traits collected either from mixture or monoculture plots. We fitted separate linear mixed effects models (LME) for each season with plot identity as a random factor (since we had multiple harvests for each plot in each season) to test for significant mixture effects and for significant interactions between mixture and rate of N addition. Specifically, we tested for mixture effects (i.e. the effect of using traits collected from mixture plots vs monocultures) by comparing a "null" model containing only the random factor (plot identity) and a model containing both the random factor and mixture as a fixed effect. To test for interactions between mixture and N addition rate, we compared a model including only the main effects with one including the main effects and the interaction. Significance of mixture effects and mixture x N addition interactions was assessed using a Chi-squared test of log likelihoods.
To understand the role of N-fixers in producing the observed results we used a similar approach to test the effect of season, N addition, and the interaction between them on N 2 -fixer (white clover + lucerne) abundance in mixture. Here we used a Chi-squared test of log likelihoods to test a) if models with either season or N addition as fixed effects explained significantly more variation than a null model containing only plot as a random factor, and b) if a model including the interaction between season and N addition explained significantly more than a model only containing main effects.
Results
Linear mixed effects models including either season or N addition rate as a fixed effect explained significantly more variation in legume abundance than a "null" model containing only plot as a random factor. The model including the interaction between season and N addition also explained significantly more variation than a model containing only main effects. Legume abundance decreased significantly with increasing N addition rates in all seasons except winter (Fig. S2) . Legume abundance was similarly low at the highest rate of N addition (500 kg ha -1 year -1 ) for all seasons, but differed significantly between seasons (following the order Autumn<Winter<Summer<Spring) at the lowest rates of N addition (0-100 kg ha -1 year -1 ; Fig. S2 ).
Species trait shifts
All three non N 2 -fixers experienced higher leaf N in mixture during summer, but two species (chicory and ryegrass) had significantly lower leaf N in either winter or autumn (Fig. 1 ).
There were also significant mixture effects on leaf N for N 2 -fixers. White clover had lower leaf N in mixtures during winter and autumn, while leaf N for lucerne was significantly higher in mixtures during summer and significantly lower in winter. Leaf N in all non-N 2 -fixers showed significant positive response to N addition rates across all seasons. Leaf N for white clover also increased significantly with N addition in winter and summer. Evidence for interactions between mixture effects and N addition was patchy. There were significant negative interactions for chicory (autumn) and ryegrass (winter), indicating that mixture effects on leaf N became less positive or more negative with increasing N addition, and significant positive interactions for white clover (winter, summer).
SLA responses to growth in mixture were mainly consistent within species across seasons (Fig. 2) . All significant mixture effects on SLA for non-N 2 -fixers and white clover were positive. SLA for lucerne showed either a negative or positive response to growth in mixture, depending on the season. SLA was apparently unresponsive to N addition, except for ryegrass, where it increased with N addition in winter and spring. There was little evidence for an interaction effect, except for ryegrass and chicory (both in summer). In each instance, the interaction was negative, indicating that mixture effects on SLA became less positive with increasing N addition.
Significant positive mixture effects on LAR were obtained for non-N 2 -fixers in spring, summer or autumn (Fig. 3) . Responses to N addition were either positive (ryegrass in winter) or negative (chicory in summer). There were no significant interaction effects. Both N-fixers showed significant mixture effects for LAR in winter, but in opposite directions (positive for white clover and negative for lucerne). There was a significant positive interaction for white clover in spring and a significant negative interaction for lucerne in autumn.
Relative ITV due to mixture, N addition and season Between-group variance for leaf N content was more than double within-group variance across all three factors (Table 1) . For SLA, between-group variance across N addition levels was just over half that of within-group variance, while variance between seasons was more than double and between mixtures and monocultures 1.8 times within-group variance. For LAR, between-group variance was roughly equal or less than within-group variance for all factors. For all traits, the between-group co-efficient of variation (CV) for season was highest (particularly for LAR); and for all but two traits, trait x factor combinations was greater than 10%.
Effect of species trait shifts in mixture on aggregate trait values CWM values for all three traits were significantly lower in winter and significantly higher in either spring or summer when calculated using traits measured in mixture plots versus monocultures (Fig. 4) . In autumn, CWM for leaf N was significantly lower and CWM for LAR significantly higher when calculated using traits from mixture plots.
There was no evidence for an interaction between mixture effects and N addition rate in any season for leaf N. For SLA and LAR, interactions in winter and autumn were positive, with mixture effects becoming more positive or less negative at higher levels of N addition.
By contrast, significant interactions in spring and summer were negative, with mixture effects being most positive at the lowest level of N addition.
Discussion
Our results are mostly consistent with the hypothesis that trait plasticity can reveal the facilitative effects of N 2 -fixers on non-N 2 -fixers. All significant mixture effects on non N 2 -fixer traits during spring and summer (when N 2 -fixers were most abundant) revealed enhanced rates of return on investment in leaves (greater leaf N and SLA) and higher biomass investment in leaf area (greater LAR). Trait plasticity tended to enhance communityweighted mean (CWM) values for all three traits most when legumes were most abundant (at the lowest level of N addition during spring or summer). Below we discuss our results in more detail, in the light of existing literature and ecological theory.
Species trait responses
Leaf trait responses to growth in mixture largely supported facilitative effects of N 2 -fixing plants on the traits of non-N 2 -fixers. All non-N 2 -fixers experienced higher SLA in mixture. This is consistent with expected trait responses to alleviation of nutrient limitation through facilitation (Butterfield & Callaway 2013) . Although the direction of significant mixture effects on leaf N for non-N 2 -fixers varied among seasons, significant negative mixture effects only occurred in the seasons when N 2 -fixers were least abundant (winter and autumn).
It is unsurprising that mixture effects on the traits of non-N 2 -fixers varied seasonally, since the abundance of N 2 -fixers in our plots varied significantly between seasons (Fig. S3) and N 2 fixation rates are strongly dependent on N 2 -fixer abundance (Høgh-Jensen & Schjoerring 1997; Ledgard & Steele 1992; Ledgard et al. 2001) . The relatively short duration of our experiment may also have prevented us from obtaining stronger facilitation effects on leaf N values for non-N 2 -fixers, since transfer of fixed atmospheric N from fixers to non-N 2 -fixers is generally lower in the first year after sowing than in subsequent years (e.g. Burity et al. 1989; Høgh-Jensen & Schjoerring 1997; Ledgard et al. 2001) . It is also possible that non-N 2 -fixers respond to facilitation through plasticity in traits other than leaf N. All three factors we examined caused considerable variability in traits. To fully capture ITV, trait sampling designs should consider co-occurring species, resource availability and seasonal variation. While past studies have argued for trait sampling protocols to capture intraspecific trait variation along environmental gradients (Carmona et al. 2015) and across seasons (Fajardo & Siefert, 2016) , the influence of co-occurring species appears to have been largely ignored. Our results suggest that interspecific interactions can be an important source of intraspecific trait variation which trait sampling strategies may need to consider.
Trait plasticity effects on aggregate trait values
The seasonal contrasts in the direction of mixture and the mixture x N addition interaction effects on CWM values are striking. In winter, trait shifts from monoculture to mixture led to community weighted mean (CWM) values associated with lower rates of return on biomass investment in leaves (lower leaf N and SLA; Wright et al. 2006 ) and reduced investment of biomass in leaf area (lower LAR). In spring and summer, trait plasticity had the opposite effect. The direction of mixture x N addition interactions also varied consistently with season. The effects of trait plasticity on CWM values in winter and autumn were most negative (or least positive) at the lowest rate of N addition, while the positive effects of plasticity in spring and summer were also most apparent at low N addition rates. This contrast in the direction of interaction effects itself suggests that N 2 -fixers had opposing effects on CWM values in different seasons (since they were most abundant at the lowest rate of N addition during spring and summer). Some of this can be attributed to the trait responses of N 2 -fixers themselves to growth in mixture while some of it may be due to their influence on the traits of non-N 2 -fixers. However, with the data we present here it is not possible to even speculate about potential mechanisms. What our results do make clear is that we cannot assume mixture effects on CWM values, and their interaction with resource availability, will be in a consistent direction across different seasons.
Conclusions
There was reasonable support for the facilitative effects of N 2 -fixing plants on the traits of non-N 2 -fixers, and the hypothesis that these effects will be most apparent in seasons when N 2 -fixers were more abundant. The positive effects of trait plasticity on community-level traits were most pronounced at the lowest nitrogen addition rate during seasons when N 2 -fixers were most abundant. 
